A high-pressure system incorporating an optical cell and suitable for the study of aqueous biological systems is described. The high-pressure system can be assembled from commercially available components. Using the system gas pressures up to 70 MPa of various gases can be generated from pressures available in the laboratory and maintained over samples for extended periods of time. Preliminary optical measurements on aqueous solutions incubated with nitrogen or methane gas pressures have indicated that there is a gas-specific interaction between the solution and the gas. Biological membranes and their components are modified by the aqueous solutions incubated against high-pressure methane whereas nitrogen incubated solutions do not show comparable effects. Some of the observed modifications are irreversible whereas others are reversible when pressure is reduced. Q
I. INTRODUCTION
Proteins of biological membranes are involved in many important cellular processes, however, their structures are as of yet poorly characterized.' This is because only very few crystals of membrane proteins, suitable for x-ray structural studies, have been obtained.lp2 The presence of both hydrophobic and hydrophilic surfaces of membrane proteins makes it difficult to solubilize and crystallize them in aqueous buffers without detergents. 3'4 Unfortunately the wide variety of detergents tried so far has had only limited success in crystallizing membrane proteir& partly due to their intrinsic heterogeneity of protein-detergent-lipid micelles and partly due to the disruption of protein-protein contacts in the presence of detergents. There is a need, therefore, to develop a new class of detergents or solvent systems exhibiting properties suitable for retaining the membrane proteins in solution and at the same time allowing the protein-protein interactions essential for crystallization.
Methane has an ambient solubility of 1.5 mM in aqueous solution but can be forced into higher concentration by the application of high gas pressure.6 For example, under 700 atmospheres of methane pressure a bulk concentration of -0.3 M can be achieved at room temperatures.6 The pressure needed to achieve such a methane concentration is in the range where proteins generally remain in their native state. 7'8 Consequently, it is possible to maintain a relatively high concentration of a hydrophobic gas like methane in an aqueous solution in the pressure range where proteins do not denature. Such solutions saturated with methane have potentials for solubilizing membrane proteins due to the higher partition coefficient of methane in oil than in water9 leading to a higher effective methane concentration in the membrane. The enhanced concentration of methane is likely to act like small amphiphiles added during the crystallization of membrane proteins that help the crystallization" in presence of detergents. In order to evaluate the potential of such solutions high-pressure studies involving methane, a flammable gas, have been conducted. These have. used on-line optical monitoring and quantification with a high-pressure cell and accessories capable of achieving and maintaining several hundred atmospheres of gas pressure.
Many instruments have been developed for studying solutions under high pressure. However, most of them deal wjth the generation of hydrostatic pressures11-14 and not gas pressures. The few gas pressure cells developed so far are also not suitable for studying aqueous solutions in situ. 15, 16 In this paper we describe a high-pressure system that can be assembled with relative ease from commercially available components. The system can be used to study aqueous solutions under pressures up to 70 MPa (0.1 MPa=14.50 psi-l Std. atm.) of variety of gases. It allows optical monitoring of the changes in a solution. Using this system experiments have been carried out to evaluate the possibility of using solvent systems such as that described above to solubilize membrane components. We describe here our attempts to get quantitative optical measurements on solutions under gas pressure. Preliminary results indicate that aqueous solutions incubated with methane behave differently than solutions incubated with nitrogen. A simple video monitoring system capable of recording events as a function of time is also described.
II. METHODS AND MATERIALS
The major components of our high-pressure system are (a) high-pressure cell, (b) sample holders, (c) gas booster, and (d) high-pressure and optical accessories.
A. High-pressure cell
The see-through high-pressure cell is commercially available from Ruska Instruments Corporation, Houston, Tfc (model No. 2329-800) and is referred to as cell here afterwards. The cell made of 450 series steel has two rectangular optical windows (6.35X63.5 mm), one on each side of the body and two lids perpendicular to the windows. There are four inlet/outlet ports, one on each lid and one on top and one at the bottom. The lids and windows are secured to the body of the cell with screws tightened to a preset torque to ensure uniform closure. Pressure gaskets between the cell body and the windows as well as between the cell body and lids provide a leak-free closure. Opening and closing of only one lid is required for all the operations described below. The details of the cell are shown in Fig. 1 . The center of the cell has a cylindrical cavity with a volume of 100 ml. The cell can be pressurized up to -70 MPa (10 000 psi) at ambient temperatures. The cell is mounted on a steel support without blocking the view of the windows. The steel support in turn is fitted8 to the base plate of a safety cabinet. The safety cabinet. is a two layered rectangular box (150X90X90 cm) with an. inner layer of 12.5mm-thick plywood and outer layer of 6.25-mm-thick steel. The. layered arrangement of plywood and steel provides the ability to diffuse and contain projectiles in the event of a failure of the optical windows under pressure. The safety cabinet is vented (1.50 mm id.) to a fume hood. High-pressure (HP) lines connect the cell to a gas booster which in turn is connected to an air supply and a gas cylinder. HP lines also connect the cell to an outlet valve and then to a fume hood. Incorporated into the safety cabinet is a natural gas alarm set to activate audible and visual signals in the event that the methane Ievel inside the cabinet exceeds 25% of lower explosive limit which for methane is 0.95% methane in air-methane mixture.
B. Sample holder
We have designed several sample holders to snugly fit the interior of the cell thereby reducing the gas volume and the risk of working with large amounts of flammable gas under pressure. A typical sample holder is shown in Fig. 2 . It is cylindrical in shape, made of stainless steel, and has a rectangular opening (6.0X20.0 mm) in the middle. The sample holder houses the cuvette containing the sample (l-2 ml), with two sides of the cuvette facing the rectangular opening. The cuvette is retained in its place with the help of a retaining collar. The rectangular opening is used for in situ optical studies. Some sample holders were designed to hold 6-12 appropriately cut Pyrex test tubes, instead of a cuvette, each containing 2.0 or 1.0 ml of sample.
C. Gas booster
The gas booster (Hogan Fluid Power, Houston, TX) can generate gas pressures up to 70 MPa from the pressures available from a gas cylinder. The gas booster has gauges to measure the inlet and outlet pressure of air and'gas. The gas booster is also fitted with a safety release valve preset at 70 MPa. It is activated if the pressure exceeds 70 MPa and the gas is released quickly to the outside. A reciprocating pump incorporated into the gas booster is used to build up gas pressures. The pump is driven by -0.8 MPa (100 psi) compressed air as opposed to being oil driven to avoid any oil contamination in the gas being compressed. Series of three "0" rings incorporated into the pump prevent any contamination of the gas by air. During each cycle of the pump operation, gas entering through a one-way valve gets boosted to a higher pressure. The maximum achievable pressure Po depends on the air pressure PL4 and inlet gas pressure P, in the following way ' Po=75P,+2.5PG.
Desired gas pressures in the range of 2-70 MPa within an accuracy of to.25 MPa can be achieved at the cell. This is done by combinations of reguIating (a) the inlet gas pressure, (b) the number of cycles of booster operation, and (c) the outlet valve. Once the desired pressure has been achieved at the cell, it can be isolated by closing a valve separating it from the rest of the system and the pressure maintained for extended periods of time. The cell, booster, gas cylinder, and gas outlet have all been connected with appropriately rated tubing (Ruska Instrument Corporation, Houston, TX). A safety factor of 3 is built into the tubing, the actual bursting pressure is three times the recommended working pressure. In the HP lines various HP valves (Swagelok Companies, Solon, OH) have been incorporated to regulate and isolate the high pressure from rest of the system. The schematic of the whole system is shown in Fig. 3 .
A cuvette containing sample in the volume range l-2 ml is placed in the sample holder and secured in place using the collar. The sample holder is then placed inside the cell and the lid secured using a torque wrench to a preset torque (as specified by the manufacturer). The safety cabinet is then closed. The booster and the cell containing the sample are then flushed with the gas being used for the experiment at least three times to remove traces of air and moisture.
Transmission setup: A randomly polarized 10 mW He-Ne laser h=632.8 nm (Uniphase, Manteca, CA) and a model UDT PIN 099-l semiconductor photodetector (United Detector Technology Hawthorne, CA) have been used to monitor the changes in the sample solutions as a function of pressure. The photodetector has been connected to a digital picoammeter and its analog output plotted as function of time or pressure.
Edeo monitoring system: Due to the use of moderately high pressure of flammable gas like methane and the limited lifetime of glass windows, direct visual observation of a sample is unsafe. We therefore have to use remote illumination and monitoring of the sample. White illumination from an optical bundle is recommended for source instead of a source placed closer to the cell to avoid any heat generation in the vicinity of the high-pressure methane gas. A video camera placed 180" away from illumination and on the other side of the cell can serve to monitor and record the events as a function of time or pressure.
Transmission studies: The He-Ne laser is arranged in such a way that it illuminates the center of the sample placed in the cuvette. The volume of the solution and the height of the cuvette have been adjusted in such a way that the laser illumination spot is between 2 and 3 mm below the lower meniscus of the sample thus providing a uniform column of laser illumination. The photodetector is placed 180" away and on the other side of the cell so that light emerging from the sample strikes the detector face. The output from the photodetector is fed to a plotter via an ammeter and plotted as a function of time.
video monitoring system: We have used a 150 W illuminator from Dolan-Jenner Fiber Optics (Edmund Scientific, Barrington, NJ) equipped with a long goose neck fiber bundle as a source. A compact video camera Nikon model VN-320 (Nikon, Torrance, CA) placed 180" away and on the other side of the cell is focused onto the sample. The video camera has a very short focal length and 10X zoom and can record events in the standard play mode for 2 h on a 8 mm video tape. Video output from the camera is fed to a TV Rev. Sci. Instrum., Vol. 66, No. 5, May 1995
Optical cellmonitor via a standard VHS video cassette recorder. The video camera is also equipped with a model 95N cabled remote commander (Nikon, Torrance, CA). The TV monitor and the remote commander were used to focus the camera from outside during the course of the experiment. Events were recorded onto a standard VHS as well as the video8 tape as a function of time and pressure. High pressure is achieved relatively fast and in steps of 2-3 MPa while depressurization is carried out slowly and continuously. Quantitative optical measurements have been made only during the pressurization to avoid bubbles during the depressurization.
F. iVlah?rials
Experiments were conducted with methane (99% pure; impurities; 0.6% N,, 0.2% 02, 0.2% CO and CO*, and 0.1% ethane) and nitrogen (99.998% pure; impurities: 0.0005% Oz and 0.0001% total hydrocarbon). The gases were purchased from Airco Gases, Murray Hill, NJ in high-pressure cylinders. Water used was de-ionized and filtered using a Milli-Q-filtering system (CO.22 mm i.d., particulate, <I%) from Millipore, Bedford, MA. Triton X-100 was electrophoresis grade and from Bio-Rad, Richmond, VA, Bacteriorhodopsin was from Dr. K. Rothschild's Iab at Boston University.
III. RESULTS AND DlSCUSSlON
Experiments with high gas pressures have more potential for causing damage than hydrostatic pressure. As noted by Isaacsr' one mol of an ideal gas at 100 MPa will be compressed to 97.8% of its original volume and therefore would release 10 000 times more energy than a liquid compressed to a same pressure. Use of a flammable gas like methane also warrants careful monitoring of leaks both within the safety cabinet and outside. However, the cell had been pressure tested at the factory at 70 MPa and 100 "C. Therefore characterization runs were Ilrst carried out to calibrate the instrument in terms of optical measurements. This involved collecting transmission intensity data for the empty cell, with water and detergent solutions as samples. In order to evaluate the difference between pressure effects per se and gasspecific interaction we have carried out experiments with methane and nitrogen (control) at the same pressures and at atmospheric pressure. Our preliminary results have indicated that there are specific effects due to methane that are not due simply to hydrostatic pressure. However, we needed first to separate our data from possible transmission errors. Figure 4 is a plot of transmission light intensity for deionized water measured with the photodetector as a function of pressure of methane or nitrogen. There is an increase in light intensity at the photodetector as a function of pressure for both the gases but the amount of increase is different. A similar increase has been seen for detergent solutions like Triton X-100 at a concentration range where micelles are expected to be formed (data not shown). The increased light intensity at the detector had to be interpreted carefully since it is seen for both the gases and for water.
Optical windows used for high-pressure studies are called Poulter windows that refers to a geometry where a flat rectangular glass piece is held by two supports with an opening in the middle.17 These windows are known to be deformed due to pressure." Under pressure the window bulges through the central opening while the whole window is compressed leading to changes in the refractive index (a) of the glass. These changes affect the quantitative optical measurements carried out under pressure. SheltonI has calculated for fused silica window with dimensions 3X1.5X1 (width X height X opening) that the optical thickness changes due to bulging at the center to be 0.35 ,ccm for 10 MPa pressure and the average refractive index change is 7.78X10-'. This creates a weak positive lens that changes the focal length of the beam. More important according to Shelton if the retlections from the top and bottom of the window's opening are allowed to interfere there will be large changes in the transmission." This, however, can be avoided by using narrow beams and is important onIy when nonlinear optical measurements are carried out. We have used a focused beam and made certain that the beam traverses through the center of the window. Even though changes in refractive index due to pressure for glass windows are very small they are larger for water and still higher for gas. This alters the reflectivities (R) of various interfaces since the extent of the change is different for different media on both sides of the interface. For example, the refractive index increase for pure water at 24.98 "C and for X=632.8 nm when the pressure is increased from ambient to -69 MPa is 0.72%, whereas for nitrogen gas for a roughly comparable range of pressure the increase in n is -11.7% and for methane it is -19.4%. 
where n,cttc and nair are the refractive indices for the cuvette and air, respectively, and R is the reflectivity for the glass-air interface. Refractive index values at room temperature are available as a function of pressure for nitrogen," water," and to a smaller range for methane."" Polynomials of the typey=A-l-Bx+Cx2-t~~~ whereA, B, and C are coefficients have been fitted to the known values of pressure versus n for water and nitrogen. From the polynomials, n at desired pressures were estimated. In the case of methane n values at ambient temperatures, however, are available only up to 34 MPa. '" Fortunately density (p) density p was carried out to 100 MPa and from the fit n values at desired pressure were estimated. Reflectivity values for all interfaces at experimental pressures were then calculated using the relation,
where RI,, is the reflectivity for the interface made by medium 1 and 2 and nl and n2 are the n values for the medium 1 and 2. respectively. Calculated R values decreased as the pressure increased indicating that the refractive index mismatches between gaseous-liquid-solid states were decreasing. The decreasing mismatch leads to increased intensities at the detector.
Figure 6(a) shows the plot of observed light intensity Iobs (increasing pressure produced increased intensities) versus calculated light intensity Ical= at the detector for nitrogen gas and for the water sample. Icalc values have been obtained by correcting for the reflectivity changes for the various interfaces involved in the optical measurement. A good fit between lobs and Icalc is seen [ Fig. 6 (a), correlation coefficient: 0.971 with a slope close to unity and a small intercept. This indicated that in order to get the exact intensity values one has to first correct for the transmission errors due to refractive mismatches. Fortunately one can estimate them as a function of pressure. Figure 6 (b) shows a similar plot for methane, however, in this case the fit is not good and Iobs is lower than expected from the calculations. The difference cannot be due to pressure alone since the range tested was the same and cannot also be due to the estimated values of II because almost an identical behavior is seen even if we used only measured values of n (up to 34 MPa). The exact reason for this difference is not obvious. A similar result (data not shown) with a slightly different slope was obtained for detergent solution indicating that it could be a gas-specific interaction with solution. In order to understand the exact nature of interactions transmission studies are not sufficient and further work is required.
To evaluate the difference between the interactions of nitrogen and methane incubated solutions on biological membranes, we have carried out experiments with the purple membranes of Halobacterium halobium.24 We have exposed bacteriorhodopsin, the sole membrane protein of the purple membrane, in aqueous solutions to increasing concentration of methane or nitrogen by increasing the partial pressures of the respective gas. Video monitoring of the solution containing bacteriorhodopsin has revealed that after incubation for several hours under methane pressures of 30 MPa or higher the color of the membrane changes from purple to blue. This color transition seems to be reversible and the original purple color is obtained following depressurization. No such color transition has been observed when the purple membrane solution is exposed to nitrogen under identical conditions of pressure and temperature. Purple to blue color transitions in bacteriorhodopsin have been induced by removing cations,25 lowering pH,24 or binding of hydrophobic anion.2b Various mechanisms have been proposed to account for the transition.24,25," However we do not know the exact mechanism of color change in our experiments. One possibility is that methane can bind closer to the chromophore and induce such a transition.
